Background: In CT scans of smokers with COPD, the subsegmental airway wall area percent (WA%) is greater and more strongly correlated with FEV 1 % predicted than WA% obtained in the segmental airways. Because emphysema is linked to loss of airway tethering and may limit airway expansion, increases in WA% may be related to emphysema and not solely to remodeling. We aimed to fi rst determine whether the stronger association of subsegmental vs segmental WA% with FEV 1 % predicted is mitigated by emphysema and, second, to assess the relationships among emphysema, WA%, and total bronchial area (TBA). Methods: We analyzed CT scan segmental and subsegmental WA% (WA% 5 100 3 wall area/TBA) of six bronchial paths and corresponding lobar emphysema, lung function, and clinical data in 983 smokers with COPD. Results: Compared with segmental WA%, the subsegmental WA% had a greater effect on FEV 1 % predicted ( 2 0.8% to 2 1.7% vs 2 1.9% to 2 2.6% per 1-unit increase in WA%, respectively; P , .05 for most bronchial paths). After adjusting for emphysema, the association between subsegmental WA% and FEV 1 % predicted was weakened in two bronchial paths. Increases in WA% between bronchial segments correlated directly with emphysema in all bronchial paths ( P , .05). In multivariate regression models, emphysema was directly related to subsegmental WA% in most bronchial paths and inversely related to subsegmental TBA in all bronchial paths. Conclusion: The greater effect of subsegmental WA% on airfl ow obstruction is mitigated by emphysema. Part of the emphysema effect might be due to loss of airway tethering, leading to a reduction in TBA and an increase in WA%. 
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OPD is incompletely reversible expiratory airfl ow obstruction attributed to a combination of emphysema and airway disease. 1 CT imaging is increasingly being used to characterize and quantify these processes for genetic, epidemiologic, and therapeutic investigations with the premise that their relative balance may defi ne unique subsets of disease. 2 Although the quantifi cation of emphysema by CT imaging has been well established and now validated in multiple histopathologic investigations, [3] [4] [5] the quantifi cation of airway disease has proven to be a greater challenge. 6 It is believed that the site of expiratory airfl ow obstruction in COPD is the small airways that are , 2 mm in diameter. 7, 8 Although direct examination of these structures is beyond the resolution of clinical CT scanning techniques, work by Nakano and colleagues 9 demonstrated that dimensions (ie, wall area percent [WA%] ) of the central airways and their degree of remodeling on CT scan are correlated with the burden of distal small airways disease . It was subsequently discovered that the correlation between FEV 1 % predicted and WA% is greater in subsegmental (and more peripheral) airways than in segmental air ways. 10, 11 It has since become the standard in quantitative CT image analyses to study the most peripheral airways. [12] [13] [14] African American smokers aged 45 to 80 years. Subjects with active lung disease other than asthma, emphysema, and COPD were excluded. An interim data analysis was planned following enrollment of the fi rst 2,500 of 10,000 subjects. In this analysis, we included subjects from the fi rst 2,500 enrolled who had Global Initiative for Chronic Obstructive Lung Disease (GOLD) stage I to IV COPD 19 and complete data on airway WA% measures. The COPDGene Study was approved by the institutional review boards of all participating centers. The current analysis was approved by the Partners Healthcare Research Committee (2007P-000554).
Demographic and clinical data with standardized questionnaires, including a modifi ed Adult Respiratory Questionnaire, were collected. 18 Spirometric measures of lung function were performed using the EasyOne spirometer (ndd Medical Technologies Inc ) before and after the administration of a short-acting inhaled bronchodilator according to American Thoracic Society recommendations. 20 Postbronchodilator FEV 1 and FVC were expressed as % predicted values. 21 
CT Scans
Standardized volumetric CT scans of the chest were performed at both full inspiration and relaxed exhalation. 18 The CT image acquisition protocol used was 120-kVp, 200-mAs, and 0.5-s rotation time for GE LightSpeed 16 and VCT 64 (General Electric), Siemens Sensation 16 and 64 (Siemens AG), and Philips 40-slice and 64-slice (Koninklijke Philips Electronics NV ) scanners. Images were reconstructed using a standard algorithm at 0.625-mm slice thickness and 0.625-mm intervals for the GE scanners. Siemens CT images were reconstructed using a B46f algorithm at 0.75-mm slice thickness and 0.5-mm intervals. Reconstruction of Philips images was performed by using a B algorithm at 0.9-mm slice thickness and 0.45-mm intervals. Image analysis was performed on inspiratory CT scans using the dedicated CT image analysis software Pulmonary Workstation 2 and Plus (VIDA Diagnostics, Inc) 22 at the core imaging center for the COPDGene Study. Whole-lung volume on the full inspiration CT scans was expressed as a % predicted total lung capacity. 23 Emphysema was defi ned as the percent low-attenuation area , 2 950 Hounsfi eld units. 3 To better understand the relationship between emphysema and airways at the lobar level, we used emphysema and volume measurements from the lobes where the airway measurements were obtained.
Details about airway measurements using VIDA Diagnostics software are described elsewhere. 24 We used all available data for the segmental and subsegmental airways that were collected in the following six bronchial paths: (1) right upper lobe apical bronchus (RB1), (2) right middle lobe lateral bronchus (RB4), (3) right lower lobe posterior basal bronchus (RB10), (4) left upper lobe apicoposterior bronchus (LB1), (5) superior lingular bronchus (LB4), and (6) left lower lobe posterior basal bronchus (LB10). These bronchi were chosen based on the consensus of COPDGene Study investigators and prior studies. 9,10,13 Additionally, this airway selection allowed for an airway assessment of all lung lobes. The average segmental and subsegmental measures of WA% (WA% 5 100 3 wall area/TBA) were calculated for each bronchial path. The relative difference in WA% between bronchial segments (hereafter, referred to as the increase in WA%) was calculated as follows: [(subsegmental WA% 2 segmental WA%)/ segmental WA%] 3 100.
Statistical Analysis
The difference between the effects of segmental and subsegmental WA% on FEV 1 % predicted was assessed for each bronchial path by regression analysis. A Z test was used to compare b values between two different regression models. 25 The effect of lobar emphysema on the relationship between segmental Previously, we and other groups demonstrated that with increasing disease severity and increasing burdens of emphysema, airways become less distensible. 15, 16 There may be several reasons for this observation, including mural fi brosis, which prevents dilation, and the disruption of the airway-parenchymal interdependence in emphysematous lungs, 15 which may reduce radial traction on the airway. 17 In either case, an incompletely expanded airway may appear to have an elevated WA% on CT scan that could be falsely attributed to a greater burden of airway disease. Because the increase in WA% beyond the segmental airways is the basis of the increased correlation between lung function and airway disease, it is important to uncover whether this measure is related to emphysema. Using CT imaging, epidemiologic, and functional data from a large cohort of smokers in the COPDGene Study, we aimed to (1) examine the effect of emphysema on the relationship between WA% and FEV 1 % predicted and (2) assess the relationships among lobar emphysema, segmental and subsegmental WA%, and total bronchial area (TBA) along six bronchial paths.
Materials and Methods
lower in subsegmental than segmental airways in all bronchial paths ( P , .0001 for each bronchial path). Compared with subjects with complete data on both segmental and subsegmental WA%, those with missing data (n 5 289) were more likely to be women (45% vs 54%, P 5 .004) and to have COPD GOLD stages III or IV (37% vs 58%, P , .0001). Subjects with miss ing data also had lower FEV 1 % predicted (59% Ϯ 23% vs 46% Ϯ 22%, P , .0001) and more emphysema on CT scan (median [interquartile range], 9.3% [3.6%-19.7%] vs 12.1% [4.0%-26.2%]; P 5 .01).
Infl uence of Emphysema on the Relationship Between FEV 1 % Predicted and WA%
The effects of both segmental and subsegmental WA% on FEV 1 % predicted were signifi cant in all bronchial paths, although the effect of subsegmental WA% was stronger (the difference in b value was signifi cant in all bronchial paths but LB10) (model 1 in Table 3 ). When lobar emphysema was included in these models, the effects of segmental and subsegmental WA% on FEV 1 % predicted remained signifi cant in all bronchial paths. Adjusting for emphysema strengthened the association between segmental WA% and FEV 1 % predicted, whereas it weakened the relationship between subsegmental WA% and FEV 1 % predicted in all bronchial paths but RB10. Change in the effect of subsegmental WA% on FEV 1 % predicted was Ն 10% and statistically significant ( P , .05 for lobar emphysema) only in LB1 and LB4 (model 2 of Table 3 ).
Relationship Between Lobar Emphysema and WA%
Lobar emphysema was directly related to the increase in WA% in all bronchial paths as follows: RB1, r 5 0.17, P , .0001; RB4, r 5 0.08, P 5 .02; RB10, r 5 0.08, P 5 .01; LB1, r 5 0.13, P , .0001; LB4, r 5 0.08, P 5 .008; and LB10, r 5 0.09, P 5 .003. In models or subsegmental measures of WA% and FEV 1 % predicted for each bronchial path was assessed with multivariate regression. We also analyzed the relationships among lobar emphysema, the increase in WA%, segmental or subsegmental WA%, and TBA by multivariate regression analysis. The multivariate models included variables with expected a priori relationships to the outcome, including lung volume. To account for differences in Hounsfi eld units among CT scanner brands/makes, we grouped the CT scanners into fi ve groups according to a COPDGene physicist's opinion of their performance in phantom studies. In this study, the Siemens Defi nition and Siemens Defi nition AS 1 (Siemens AG) scanners were used as the reference. Because of the differences in the pathophysiology of airway disease in COPD and asthma, additional analyses incorporating asthma history were also reported. Prior asthma was defi ned as a self-reported physician diagnosis of the disease. A P , .05 was considered statistically signifi cant. Analyses were performed using SAS, version 9.2 (SAS Institute Inc).
Results
Of the fi rst 2,500 subjects, 1,272 had COPD in GOLD stages I to IV. Of these, 983 had complete segmental and subsegmental airway WA% data. Study population demographics as well as clinical, lung function, and CT scan emphysema data are shown in Table 1 . Subjects with the most severe disease (GOLD stage IV) had lower BMI, were more likely to be former smokers, and had a higher % predicted total lung capacity and burden of emphysema as measured by CT scan. Among the 983 subjects, 202 reported a physician diagnosis of asthma. There were no signifi cant differences in the characteristics listed in Table 1 between subjects with COPD alone and those with COPD and prior asthma, except that the latter subjects were more likely to be women and African American. Segmental and subsegmental airway WA% for each bronchial path and corresponding lobar emphysema and lobar volume data are provided in Table 2 . Compared with segmental airway WA%, subsegmental airway WA% was higher in all bronchial paths ( P , .0001 for each bronchial path). The relative increase in WA% ranged from 4.4% (RB1) to 8.1% (LB10). TBA was for sex, age, height, CT scanner brand/make, and lobar volume. In all bronchial paths but RB10, lobar emphysema had a signifi cant inverse relationship with subsegmental TBA ( Table 5 ) . The relationship between lobar emphysema and subsegmental TBA for all bronchial paths was similar in the COPD group without asthma and the entire cohort (e- Table 2 ). In the COPD group with asthma history, the relationship between lobar emphysema and subsegmental TBA reached statistical signifi cance in only LB4 (data not shown).
Discussion
Measures of central airways by CT scan have been dem onstrated to be related to the burden of distal small airway disease , 9 and the more peripheral in the bronchial tree these CT image-based measures are made, the stronger the correlation to clinically signifi cant mea sures of COPD severity. [10] [11] [12] [13] Using data from the COPDGene Study, we observed that emphysema mitigates the increasing effect of WA% on FEV 1 % predicted in subsegmental compared with segmental airways. CT scan measures of emphysema and lung volume adjusted for sex, age, height, pack-years of smoking, CT scanner brand/make, and lobar volume, lobar emphysema was directly related to subsegmental WA% in all bronchial paths but RB4. These associations were weak but statistically signifi cant ( P 5 .02 to , .0001). Lobar emphysema was inversely related to segmental WA% only in RB4 ( P 5 .03) ( Table 4 ). In all six bronchial paths, lobar volume was inversely related to segmental and subsegmental WA%. In multivariate analyses looking at subjects with COPD alone (ie, no history of asthma), the relationships between lobar emphysema and segmental or subsegmental WA% for most bronchial paths were similar (e- Table 1 ) to those observed in the entire cohort. In the group of subjects with COPD and prior asthma, the relationship between lobar emphysema and segmental or subsegmental WA% was statistically signifi cant only in LB4 (data not shown).
Relationship Between Emphysema and TBA
To assess the impact of emphysema on TBA, we analyzed the relationship between lobar emphysema and TBA of subsegmental airways in models adjusted WA% on FEV 1 % predicted was strengthened by lobar emphysema in three bronchial paths. This opposing effect of emphysema on the relationship between subsegmental and segmental WA% and FEV 1 % predicted is diffi cult to explain. One potential explanation is that the degree to which emphysema disrupts airway-parenchymal interdependence is greater in subsegmental than in segmental airways, leading to a lesser effect of the former airways on lung function. Another possible explanation for the stronger relationship between FEV 1 % predicted and subsegmental vs segmental WA% is a selection bias toward thicker airways resulting from infl ammation and remodeling that are likely more identifi able on CT scan. Although it is true that there is limited resolution in clinical CT scanning, the range of airways we measured is broad and suggests that we have a representative sample of both larger and smaller airways (median [interquartile range] TBA, 59 [50-70] to 23 [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] mm 2 in LB10 and RB4, respectively). Additionally, there is histopathologic evidence suggesting a loss of mural cartilage in COPD 26, 27 ; in extreme cases, there is frank airway loss as a result of parenchymal destruction. 28 Therefore, we agree that the present data are biased to subjects who had airways to measure, but it is unlikely that there is additional selection bias because of remodeling of existing airways.
Greater burdens of CT scan measures of lobar emphysema were associated with the increase in WA% between airway segments and with lower TBA, suggesting that increases in subsegmental WA% are partly due to loss of lung elastic recoil with reductions in airway dilation. The present data support the notion of appeared to have opposing effects on subsegmental WA%: An increasing amount of lobar emphysema was associated with an increase in WA% in all the bronchial paths. Additional analyses showed that a potential explanation for the effect of CT scan-measured emphysema on WA% is through its infl uence on TBA.
Consistent with prior investigations, [10] [11] [12] we observed that on univariate analysis, the effect of WA% on lung function was greater in the subsegmental than the segmental airways. After adjusting for emphysema, however, this effect was mitigated in two bronchial paths. The observed increase in correlation between subsegmental WA% and lung function is complex. The present analysis suggests that potential mechanisms for this correlation include both airway dilation with increasing lung volume and reductions in TBA because of the loss of airway tethering associated with emphysema. (An illustration of the confl icting effects of lung volume and emphysema on airway dimensions is shown in Fig 1 . ) Of note, the effect of segmental In these analyses, the sample size was 950; 33 subjects were excluded because their measurements of lobar lung volume were not available. In these models, the main predictor was lobar emphysema as measured by CT scan. Adjustment for sex (female 5 1), age, height, pack-y smoking, CT scanner brand/make, and lobar volume was performed. See Table 2 legend for expansion of abbreviations. In these analyses, the sample size was 950; 33 subjects were excluded because their measurements of lobar lung volume were not available. In these models, the main predictor was lobar emphysema as mea sured by CT scan. Adjustment for sex (female 5 1), age, height, pack-y smoking, CT scanner brand/make, and lobar volume was performed. See Table 2 legend for expansion of abbreviations. Figure 1 . Illustration of the confl icting effects of emphysema and lung volume on airway dimensions. A, Intact airway with attachments to the lung parenchyma. B, On the top, lung attachments are broken by emphysematous destruction, resulting in a diminished total bronchial area (TBA) (arrows) and increased wall area percent (WA%) (gray area). At the bottom, an increase in lung volume results in increased TBA (arrows) and lower WA%. C, The likely result of these two processes is an airway with lower TBA and an increased WA% compared with a normal airway.
the effects of emphysema on distal airways. The present results, therefore, should be considered as initial steps in understanding the effect of lung parenchymal destruction on airway measurements. The fi nally limitation is the lack of physiologic data characterizing lung mechanics. In the absence of simultaneous measures of transpulmonary pressure, the analysis proceeded on the assumption that emphysematous destruction of the lung parenchyma is associated with loss of elastic recoil. In summary, the results suggest an interplay among emphysema, lung volume, airway dimensions, and lung function. The standard CT imaging-based assessment of mural remodeling (ie, WA%) may refl ect the combined infl uences of airway disease, lung volume, and the mechanical properties of the surrounding lung parenchyma. Furthermore, these interactions may partly account for the stronger correlations observed between subsegmental and segmental WA% and spirometric measures of lung function. Further studies are needed to elucidate the complex relationship between emphysema and airway disease in COPD.
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The observed direct relationship between subsegmental WA% and emphysema in multivariate analysis is in contrast to prior studies, which demonstrated an inverse association between wall thickness standardized at a 10-mm-perimeter airway and whole-lung emphysema. 29, 30 Differences in the airway measurements and regression models used among studies and the lack of adjustment for lung volume in prior investigations may partially explain this discrepancy.
There are several limitations to this investigation that must be noted. The fi rst is that 23% of the subjects with COPD had missing data on either segmental or subsegmental airways, decreasing the statistical power of the analysis. Airway segmentation in subjects with a high burden of emphysema can be challenging because of distortion or even disappearance of airways as we previously observed. 31 Cardiac and respiratory motion artifact may also make airway measurement diffi cult. Second, the effects of lobar emphysema on subsegmental WA% or TBA were weak, and more peripheral bronchial segments were not available for analysis, preventing a more thorough investigation of
